The remarkable gapless and linear band structure of graphene opens up new carrier relaxation channels bridging the valence and the conduction band. These Auger scattering processes change the number of charge carriers and can give rise to a significant multiplication of optically excited carriers in graphene. This is an ultrafast many-particle phenomenon that is of great interest both for fundamental many-particle physics as well as technological applications. Here, we review the research on carrier multiplication in graphene and Landau-quantized graphene including theoretical modelling and experimental demonstration.
The most fascinating ultrafast phenomenon characterizing the carrier dynamics in graphene is the appearance of carrier multiplication (CM), i.e. generation of multiple electron-hole pairs through internal scattering 1 . The underlying physical mechanism of this phenomenon are Auger processes, which are specific Coulomb interband scattering events, where one carrier (electron or hole) bridges the valence and the conduction band, while the other involved carrier remains in the same band, cf. Fig. 1(a) . As a result, Auger scattering changes the overall charge carrier density consisting of electrons in the conduction and holes in the valence band. We distinguish Auger recombination (AR) and the inverse process of impact excitation (IE) 2 . The latter inreases, while the first reduces the number of carriers. The efficiency of the two Auger processes depends on the excitation regime and the resulting Pauli blocking. After a weak optical excitation, the probability of the interband process close to the Dirac point is higher for IE, since here an electron from the almost full valence band scatters into the weakly populated conduction band, cf. Fig.  1(b) . The inverse process of AR is strongly suppressed by Pauli blocking. As a result, carrier multiplication can take place 3, 4 .
The theoretical prediction of carrier multiplication for semiconductor quantum dots in 2002 1 and its experimental verification two years later 5 has attracted much attention [6] [7] [8] [9] [10] [11] . Since then, the concept has been extended to other nanomaterials including carbon nanotubes and graphene 3, [12] [13] [14] [15] [16] [17] [18] [19] . This ultrafast phenomenon has the potential to increase the power conversion efficiency of single-junction solar cells 20 above the Shockley-Queisser limit 21 . Moreover, carrier multiplication enables a fast detection of photons with a high responsivity. In graphene, the occurrence of carrier multiplication has been recently theoretically predicted 3, 4, 22, 23 and experimentally confirmed 17, 19, 24, 25 . Furthermore, Landau-quantized graphene exhibiting an externally tunable bandgap has been suggested to exploit this effect for designing graphene-based photovoltaic devices. In spite of the non-equidistant Landau quantization, Auger scattering has been theoretically and experimentally demonstrated to be the crucial relaxation channel 26 resulting in a carrier multiplication 18 .
To microscopically access the ultrafast carrier dynamics in graphene including the phenomenon of carrier multiplication, we have developed a theoretical approach based on graphene Bloch equations within the second-order Born Markov approximation 2, [27] [28] [29] [30] . This system of coupled equa- tions of motion for carrier occupation ρ λ k (t), microscopic polarization p k (t), and phonon number n j q include contributions from carrier-light, carrier-carrier, and carrier-phonon interaction on a consistent microscopic footing. Here, the electronic and phonon momentum are denoted by k and q, furthermore, λ = c, v stands for the conduction (c) or valence (v) band, and j describes the considered optical or acoustic phonon modes. Solving the graphene Bloch equations, we have access to the temporal evolution of the carrier density N (t) at different excitation conditions allowing us to address the question whether and under which conditions carrier multiplicaiton takes place in graphene. The many-particle-induced carrier generation can be quantified by a time-dependent carrier multiplication factor CM(t)
which is defined as the ratio of the generated carrier density N (t) and the purely optically excited density N opt (t).
I. CARRIER MULTIPLICATION IN UNDOPED GRAPHENE
Here, we investigate the ultrafast carrier dynamics in undoped graphene. We find a significant increase of the carrier density N (t) after optical excitation, cf. Fig. 2 . To understand the underlying microscopic mechanism, we subsequently switch on different scattering channels. Accounting only for carrier-light interaction, the applied ultrashort optical pulse lifts electrons from the valence into the conduction band resulting in an optically induced carrier density N opt (t), which remains constant after the pulse is switched off (green line). Taking into account Coulomb-induced scattering channels including Auger processes, we find a further increase of the carrier density even after the pulse has been switched off (red line) -a carrier multiplication takes place. In the case of a purely Coulomb-driven dynamics, we obtain a multiplication factor of CM = 3.7. However, the dynamics is still uncomplete until we have included phonon-induced relaxation channels. These are important since they directly compete with Auger processes: an excited electron can scatter to an energetically lower state by emitting a phonon and thus reducing the efficiency of Auger scattering. Furthermore, phonon-induced interband processes can directly change the carrier density. Since non-radiative recombination involving the emission of phonons is efficient, it reduces the carrier density counteracting the effect of CM. In spite of these effects, taking the full dynamics into account we still observe a carrier multiplication with a maximum value of approximately CM = 2.5 that persists on a picosecond timescale, cf. the blue line in Fig.  2 3,4,32 .
The theoretically predicted carrier multiplication in graphene could be recently also demonstrated in highresolution multi-color pump-probe 17, 19 and time-and angleresolved photoemission (ARPES) measurements 24, 25 . Direct experimental access to the temporal evolution of the carrier density in graphene is a challenging task. As absorption at optical frequencies is dominated by interband processes, pumpprobe experiments can be used to directly monitor carrier occupation probabilities of the optically coupled states as well as the Coulomb-and phonon-induced carrier escape from these states. Ploetzing an co-workers 19 performed a series of pumpprobe measurements applying different optical probe energies ranging from 0.73 to 1.6 eV, while the pump pulse was fixed at 1.6 eV. Assuming quasi-instantaneous thermalization of the excited carriers through ultrafast carrier-carrier scattering, the measured occupation probabilities at different distinct energies could be exploited to reconstruct the time-dependent carrier distribution in the relevant range in the momentum space, cf. Fig. 3 (a). To be able to draw qualitative conclusions on the appearing carrier multiplication, the optically excited carrier density N opt is estimated based on the pump fluence and the dark absorption of graphene on sapphire. Depending on the pump fluence, N opt lies below or above the intergrated carrier density N , cf. Fig. 3 (b). This is a clear experimental prove of the appearance of CM in graphene. Figure 4 shows an excellent agreement between theory and experiment with respect to the appearance of the carrier multiplication, its quantitative values as well as its qualitative dependence on the pump fluence 19 . Since Auger processes are sensitive to the excited carrier density, the appearance of CM strongly varies in different excitation regimes. Depending on the pump fluence and the delay time after the optical pulse, we can clearly distinguish both in experiment and theory two distinct regions characterized by CM > 1 (purple) and CM < 1 (orange). We find the largest CM values at low pump fluences in the range of 0.1 µJcm −2 . The CM appears on a timescale of several picoseconds. At intermediate pump fluences up to approximately 1 µJcm −2 , we observe a smaller carrier multiplication on a much shorter timescale. Here, IE still prevails over AR, however the asymmetry between these two processes due to Pauli blocking is restricted to a shorter time range, since the number of scattering partners is increased accelerating the relaxation dynamics and leading to a faster equilibration between the IE and AR processes 4 . In the strong excitation regime with pump fluences larger than 1 µJcm −2 , the states are highly occupied and Pauli blocking preferes AR bringing carriers back to the valence band. As a result, the carrier density decreases and we find a negative carrier multiplication CM < 1, cf. Fig. 4 .
In addition to the multi-color pump-probe measurements, Gierz and co-workers 24 could demonstrate the presence of a strong impact excitation in a time-and angle-resolved photoemission spectroscopy study. Extreme-ultraviolet pulses were used to track the number of excited electrons and their kinetic energy. In a time window of approximately 25 fs after absorp-FIG. 5: Experimental prove for the predominant role of impact ionization in time-and angle-resolved photoemission (ARPES) measurements. Comparison between the temporal evolution of the total number of carriers inside the conduction band (light red) and the temporal evolution of their average kinetic energy (light blue). Around zero time delay, the energy already decreases while the number of carriers keeps revealing the importance of impact excitation. Figure taken from Ref. 24 .
tion of the pump pulse, a clear increase of carrier density and a simultaneous decrease of the average carrier kinetic energy was observed directly (cf. Fig. 5 ) revealing that relaxation is dominated by impact excitation.
II. CARRIER MULTIPLICATION IN DOPED GRAPHENE
Most graphene samples are characterized by a non-zero doping, i.e. the Fermi energy lies above (n doping) or below the Dirac point (p doping). In this section, we investigate the influence of an extrinsic carrier density on the dynamics of optically excited carriers. 23 . In the presence of doping, we have to reconsider the definition of charge carriers. For n-doping, we can either count electrons above the Dirac point or above the Fermi level (for holes accordingly in p-doped samples). For optical measurements, probing vertical carrier transitions the Dirac point is the more appropriate reference. Then, the carrier density reads
where σ s (σ v ) denotes the spin (valley) degeneracy and L 2 the graphene area. In contrast to optical measurements, for electric transport phenomena hot electrons around the Fermi level play the crucial role. Thus, charge carriers are defined with respect to the Fermi level, i.e. for n-doped graphene the upper Dirac cone is split into ρ h,c
The according hot carrier density N hCM is given by
Note that symmetric results are obtained for n-and p-doped graphene. For undoped graphene, both definitions of carrier density and carrier multiplication are equivalent for symmetry reasons.
The definition of the charge carrier density has a direct impact on the appearance of carrier multiplication. Having the Dirac point as the reference, carrier multiplication occurs due to Auger scattering bridging the valence and the conduction band. In the following, we label this process as carrier multiplication (CM). Having the Fermi level as the reference, carrier multiplication occurs via Coulomb-induced intraband scattering bridging the states below and above the Fermi level, cf. the inset in Fig. 7(a) . According to literature 33 , we label this process as hot carrier multiplication (hCM).
We find that doping reduces the efficiency of CM, cf. Fig.  6(a) . Considering an absorbed pump fluence of ε abs = 0.3µJ cm −2 , the highest CM factor of 1.7 is obtained in the limiting case of undoped graphene, cf. Fig. 6(b) . It appears on a timescale of up to 150 fs for undoped graphene and becomes significantly shorter with increasing doping, cf. Fig. 6(c) . For doping values higher than 300 meV, CM completely vanishes. This behavior can be traced back to the strongly efficient impact excitation at low doping, which is a result of the large gradient in carrier occupation around the Dirac point. This changes for highly doped graphene presenting optimal conditions for the inverse process of Auger recombination.
In contrast, we predict a clear increase of the hCM with doping, cf. Fig. 7(a) . We obtain hCM factors of up to approximately 2 occurring on a timescale of 200 fs for highly doped graphene with E F = 300 meV. There is nearly a linear dependence between hCM and doping, cf. Fig. 7(b) . The intraband Coulomb scattering around the Fermi energy is responsible for the appearance of hCM. With increasing doping, the spectral region for these intraband Auger processes shifts to higher density of states. As a result, they become generally more efficient. The probability for intraband IE processes (inset in Fig. 7(a) ) is given by ρ h,c (1 − ρ e,c ), which is initially large compared to the probability for intraband AR processes scaling with ρ e,c (1 − ρ h,c ). The initial strong imbalance between IE and AR gives rise to the observed pronounced hCM.
Applying our microscopic approach, we can explain the recently performed time-resolved ARPES measurements on nand p-doped graphene 25 . A direct comparison of theoretically predicted and experimentally obtained values for hot carrier multiplication is shown in the inset of Fig. 7(c) . The theory captures well all features observed in the experiment, such as the clearly higher hCM for n-doped graphene. This difference is not due to the type of doping, but can rather be explained by the differences in the applied pump fluence and the doping value of the investigated graphene samples. Hot carrier multiplication increases almost linearly with doping (cf. Fig. 7(b) ) and becomes less efficient at high pump fluences (similarly to the case of CM, cf. Fig. 4) . As a result, the n-doped graphene sample shows a much more pronounced hCM, since its Fermi level is significantly higher and since the experiment has been performed at a clearly smaller pump fluence compared to the p-doped graphene sample.
III. CARRIER MULTIPLICATION IN LANDAU-QUANTIZED GRAPHENE
Carrier multiplication holds the potential to increase the power conversion efficiency of photovoltaic devices. However, due to the absence of a bandgap and competing phononinduced recombination, the extraction of charge carriers remains a substantial challenge. A strategy has been recently suggested to circumvent this drawback and to benefit from the gained charge carriers by introducing a Landau quantiza- tion offering a tunable bandgap 18 . In the presence of magnetic fields the electronic bandstructure of graphene drastically changes. The Dirac cone collapses into discrete nonequidistant Landau levels, which can be externally tuned by changing the magnetic field [34] [35] [36] [37] [38] . In contrast to conventional materials, specific Landau levels are selectively addressable using circularly polarized light.
The first experiment measuring the carrier dynamics in Landau-quantized graphene was performed by Plochocka et al. in 2009 39 . Investigating rather high-energetic Landau levels (n ∼ 100), they found a suppression of Auger processes as a consequence of the non-equidistant level spacings suggesting an overall suppression of Auger processes in Landauquantized graphene 39 . However, due to the E ∝ √ n dependence, we can always find Landau levels n that are actually equidistant suggesting that Auger scattering might be important in certain situation. This has been confirmed in a recent polarization-resolved pump-probe experiment addressing the crucial impact of Auger scattering to the low-energetic Landau levels 26 .
Recently, we have suggested a pumping scheme to open up Auger scattering channels and to achieve a carrier multiplication in Landau-quantizede graphene, cf. Fig. 8(a) . The strategy is to excite charge carriers to LL +4, which induces an energy conserving scattering process including the transitions LL +4 → LL +1 and LL 0 → LL +1. This process is denoted as impact excitation (IE), since it effects the excitation of an additional charge carrier. Due to Pauli blocking, we expect the inverse process of Auger recombination (AR) to be suppressed.
To investigate the impact of Auger scattering and to prove whether CM appears, we calculate the temporal evolution of the carrier occupation of the involved Landau levels LL +4 and LL +1, cf. Fig. 8(b) . The applied optical pulse is characterized by a width σ exp FWHM = 1 ps (yellow shaded region), pump fluence ε pf = 10 −2 µJcm −2 , and an energy 280 meV matching the transitions LL ∓ 4 LL ± 3 at a magnetic field of B = 4 T. The system is considered to be at room temperature and an impurity-induced Landau level broadening of Γ imp = 7 meV is assumed. The dashed lines in Fig.  8(b) represent the dynamics without Auger scattering. In this case, the occupation ρ +4 simply increases during the optical excitation, while ρ +1 stays constant, since it is not optically excited. Switching on Auger processes (solid lines) results in a considerable transfer of occupation from LL +4 to LL +1. The total increase of ρ +1 (about 10%) exceeds the decrease of ρ +4 (about 5%) by a factor of 2. This reflects the predominant process of impact excitation inducing the transitions LL +4 → LL +1 and LL 0 → LL +1, cf. the red arrows in Fig. 8(a) . Figure 8 (c) shows the temporal evolution of the carrier density revealing a clear increase due to the efficient impact excitation. As a result, a carrier multiplication of 1.3 appears in Landau-quantized graphene. Note that the maximal CM that can be achieved within the proposed pumping scheme is 1.5. However, an optical excitation into a higher energetic Landau level is conceivable and is expected to induce higher values of the CM. In general, a low pump fluence is advantageous for CM, since a stronger optical excitation results in an increased asymmetry between the competing IE and AR scattering channels, leading to a faster equilibration of the corresponding scattering rates and reducing the time frame in which IE generates additional charge carriers. Moreover, changes of the initial occupations result in an increasing CM with lower temperatures and higher magnetic fields. Additionally, the CM increases with the magnetic field, as the effective pumping strength is reduced. Finally, a higher value of the CM is obtained for larger Landau level broadenings.
The theoretically predicted importance of Auger scattering in Landau-quantized graphene is remarkable due to the non-equidistant level separation. Luckily, the carrier occupation of single LLs can be directly addressed via polarizationdependent pump-probe experiments allowing an experimental investigation of the importance of Auger channels. Using circularly polarized light of a specific energy, we can selectively pump and probe transitions between the energetically lowest Landau levels LL -1, LL 0 and LL +1. This results in four possibilities to combine pump and probe pulse polarization, cf. Fig. 9 . Considering only the optical excitation, we expect a positive differential transmission signal (DTS), if the pump σ P and the probe (test) pulse σ T have the same polarization. Here, the excitation of charge carriers due to the pump pulse should lead to an absorption bleaching of the probe pulse due to the increased Pauli blocking. In contrast, using an opposite polarization for the pump and the probe pulse, Pauli blocking is expected to be reduced giving rise to an absorption enhancement and a negative DTS. The upper and lower panel of Fig. 9 illustrate the experimental and theoretical results, respectively, for the four configurations of pump and probe pulse polarization applying a pulse with a width of σ To explain these surprising results, we need to take into account Auger scattering. Moreover, to achieve an agreement between experiment and theory, a finite doping needs to be introduced to break the electron-hole symmetry. In an undoped system, the two configurations σ The assumption of a finite doping is further supported by experimental studies showing that multilayer epitaxial graphene samples grown on the C-terminated face of SiC (such a sample is used in the experiment) have a finite n-doping due to a charge transfer from the SiC substrate 40, 41 . Therefore, for the theoretical calculations a Fermi energy of ε F = 28 meV has been assumed.
To understand the unexpected DTS sign in Fig. 9 (g), we investigate the temporal evolutions of the involved Landau level occupations ρ +1 , ρ 0 and ρ −1 after the application of a σ − -polarized pump pulse, cf. Fig. 10(a) . To identify the role of Auger scattering, we compare the full dynamics with the calculation without Auger processes, cf. the dashed gray line. Note that carrier-phonon scattering has been phenomenologically included to match the experimentally observed fast decay rates at long times. Although the transition LL -1 → LL 0 is optically induced, the occupation ρ 0 shows only a minor increase in the beginning, then it starts even to decrease already before the center of the pulse is reached. This means that although we optically pump carriers into the zeroth Landau level, its population decreases. This surprising result can be explained by extremely efficient Auger scattering, which induces the transitions LL 0 → LL -1 and LL 0 → LL +1, thereby resulting in a quick depopulation of ρ 0 , cf. Fig. 10(b) . The crucial role of the Auger scattering becomes apparent by comparing the temporal evolution of ρ 0 to the case without Coulomb scattering (cf. dashed gray lines in Fig. 10(a) . Here, as expected, the population of the zeroth Landau level increases during the entire time of the optical excitation.
As a result, the polarization-dependent pump-probe experiments provide proof for efficient Auger scattering in Landauquantized graphene. The unexpected DTS sign emerges since Auger scattering depopulates the zeroth Landau level faster than it is filled by optical excitation. This surprising effect appears, when the pumping efficiency is decreased due to an enhanced Pauli blocking as a result of a finite doping. In summary, we have reviewed the current research on carrier multiplication in undoped, doped, and Landau-quantized graphene. We find that Auger scattering bridging the valence and the conduction band dominates the carrier dynamics in graphene. In particular, impact excitation is the predominant relaxation channel under certain conditions resulting in a significant carrier multiplication.
